Cytoplasmic protein reduction via generalized thiol/disulfide exchange reactions and maintenance of cellular redox homeostasis is mediated by the thioredoxin superfamily of proteins. Here, we describe the characterization of the thioredoxin system from Mycobacterium tuberculosis, whose genome bears the potential to encode three putative thioredoxins from the open reading frames designated trxA Mtb , trxB Mtb , and trxC Mtb . We show that all three thioredoxins, overproduced in Escherichia coli, are able to reduce insulin, a model substrate, in the presence of dithiothreitol. However, we observe that thioredoxin reductase is not capable of reducing TrxA Mtb in an NADPH-dependent manner, indicating that only TrxB Mtb and TrxC Mtb are the biologically active disulfide reductases. The absence of detectable mRNA transcripts of trxA Mtb observed when M. tuberculosis strain H37Rv was cultivated under different growth conditions suggests that trxA Mtb expression may be cryptic. The measured redox potentials of TrxB Mtb and TrxC Mtb (؊262 ؎ 2 mV and ؊269 ؎ 2 mV, respectively) render these proteins somewhat more oxidizing than E. coli thioredoxin 1 (TrxA). In E. coli strains lacking components of cytoplasmic protein reduction pathways, heterologous expression of the mycobacterial thioredoxins was able to effectively substitute for their function.
The cytoplasm in living cells is maintained in the reduced state by the activities of specialized enzyme systems comprising members of the oxidoreductase family that perform generalized protein reduction (2) . In the well-studied example of Escherichia coli, the thioredoxin (Trx) system comprises two thioredoxins and thioredoxin reductase, while the glutaredoxin (Grx) system is composed of glutathione (GSH), three glutaredoxins, and GSH oxidoreductase. Trx, with an approximate mass of 12,000 Da, is found ubiquitously in nature. All thioredoxins share similar three-dimensional structures and possess a conserved WCXXC catalytic motif, buried within a protein fold known as the thioredoxin fold (27) . Thioredoxins are able to cycle between the oxidized disulfide and the reduced dithiol forms. Oxidized Trx is in turn reduced by a flavoenzyme, thioredoxin reductase, via a redox-active cysteine pair and flavin adenine dinucleotide as a cofactor consuming cellular NADPH. Reduced Trx generated in this manner is thus poised for reducing disulfides of the target proteins in the cellular milieu (20) .
The NADPH-dependent disulfide reduction mechanism is required for a variety of physiological functions. For example, the two E. coli thioredoxins TrxA and TrxC and the glutaredoxin GrxA are known to be required for cellular DNA synthesis by acting as electron donors for the essential enzyme ribonucleotide reductase (14, 30) . The other physiological functions that are accomplished by reduced thioredoxins include protein disulfide reduction, sulfur assimilation, detoxification of reactive oxygen species, protein repair, and redox regulation of enzymes and transcription factors (2, 6, 31) . Apart from these functions, E. coli TrxA functions as a processivity factor for the bacteriophage T7-encoded DNA polymerase (26) . This property of Trx, though, is independent of its redox activity and depends upon a structural interaction between T7 DNA polymerase and the Trx domain (21) .
The oxidation/reduction function of the thiol/disulfide oxidoreductase family of proteins depends upon two important determinants, the pK a values of the cysteine residues in the CXXC motif and the standard-state redox potential. The members of the oxidoreductase family of proteins have a wide range of redox potentials. Among the most-reducing members are those from the Trx superfamily, which have the lowest redox potential and function as general protein reductants in the cytoplasm. The redox potential of E. coli TrxA is Ϫ270 mV, while those of glutaredoxins range from Ϫ233 to Ϫ198 mV (4) . In contrast, the oxidizing members, like DsbA and DsbC, found in the periplasm of prokaryotes, which perform formation and isomerization of disulfide bonds in newly translocated proteins (5) , have redox potentials ranging from Ϫ120 mV to Ϫ200 mV (10, 41, 42) .
Mycobacterium tuberculosis, the causative agent of tuberculosis, is an intracellular pathogen that resides in mononuclear phagocytes. The mechanisms by which M. tuberculosis and other mycobacteria resist oxidative killing by mononuclear phagocytes are somewhat unclear. Several mechanisms for resistance to intracellular killing have been proposed, one of which is the scavenging of free radicals produced by mononuclear phagocytes upon infection (38) . The M. tuber-culosis genome lacks the potential to code for components of the GSH system, though M. tuberculosis has the capacity to synthesize low-molecular-weight thiols, like mycothiol (8, 32) . The absence of the GSH system suggests that M. tuberculosis Trx and TrxR are likely to resist oxidative killing in a manner similar to their involvement against oxidative stress in other prokaryotes. The genome of M. tuberculosis encodes three thioredoxins and bears a single copy of trxR, the gene encoding thioredoxin reductase. M. tuberculosis thioredoxins and TrxR have been shown to be involved in reduction of peroxides and dinitrobenzenes (43) and also to detoxify hydroperoxides in vitro (22) . Thus, thioredoxins and TrxR are considered to be attractive targets for antitubercular drug design studies. Toward achieving this, the crystal structure of TrxC Mtb provides an opportunity for designing drugs against this target (16) .
In this report, we describe the biochemical properties of the thioredoxins from M. tuberculosis, wherein we show that the three M. tuberculosis thioredoxins function as bona fide disulfide reductases. Furthermore, we obtain estimates of their intrinsic redox potentials and show that two out of the three M. tuberculosis thioredoxins display redox potential values closer to that of E. coli TrxA. We also show that expression of trxA Mtb , whose recombinant product appears to be a low-activity thioredoxin, is cryptic and that it alone is not an effective substrate of M. tuberculosis TrxR. Heterologous expression of M. tuberculosis thioredoxins is shown to complement specific phenotypes in E. coli strains devoid of TrxA. Expression of trxB Mtb and trxC Mtb under a variety of oxidative conditions is suggestive of the principal role played by these thioredoxins in the M. tuberculosis cytoplasm and may offer an explanation for the natural resistance of M. tuberculosis toward oxidative killing.
MATERIALS AND METHODS
Bacterial strains/plasmids. All the bacterial strains and plasmids used in this study are listed in Table S1 in the supplemental material. In each case, the reverse primer was designed so that the 3Ј end of any given trx ORF bears a DNA sequence encoding hexahistidine. The amplified trx genes (trxA Mtb and trxB Mtb ) were cloned in the pET23a expression vector (Novagen) via restriction sites NdeI and HindIII at the 5Ј and 3Ј ends, respectively. The resultant plasmids were designated pSCM1101 and pSCM1102, respectively. trxC Mtb (Rv3914), cloned in pET22b, was a gift from Yossef Av-Gay and has been designated pSCM1103. The E. coli trxA (trxA Ec , encoding thioredoxin 1) ORF was PCR amplified using genomic DNA of E. coli K-12 strain MG1655 as a template, and the resultant product was cloned into the NdeI and HindIII sites of pET23a to obtain plasmid pSCM1104. Plasmid pSCM1105 bears M. tuberculosis trxR under the expression control of the T7 promoter and has been described previously (1) . The integrity of all the plasmid clones was confirmed by DNA sequencing.
Overproduction and purification of thioredoxins and TrxR. Plasmids pSCM1102 and pSCM1103 were transformed into BL21(DE3) cells, and transformants were grown in 500 ml Terrific broth with 100 g/ml ampicillin. Isopropyl ␤-D-1-thiogalactopyranoside (IPTG) was added to mid-log-phase culture (at 0.5 mM), which was further incubated for 6 h at 37°C. pSCM1101 was transformed into BL21 DE3/pLysS cells, expression of trxA Mtb was induced by addition of IPTG (at 0.5 mM) to the culture, and the culture was incubated further for 12 h at 18°C. Cells were harvested by centrifugation, resuspended, and sonicated in 20 ml buffer containing 50 mM Tris, pH 8, 300 mM NaCl, 5% glycerol, 5 mM imidazole, and 0.1 mM phenylmethylsulfonyl fluoride. A second round of centrifugation at 12,000 rpm for 15 min was carried out to remove cell debris. The resulting supernatant was applied to a Ni-nitrilotriacetic acid column preequilibrated with lysis buffer. The supernatant containing the mixture of soluble proteins was allowed to bind on the Ni-nitrilotriacetic acid column. The column was washed with 5 bed volumes of wash buffer (50 mM Tris, pH 8, 300 mM NaCl, 5% glycerol, and 20 mM imidazole), followed by elution with lysis buffer containing 200 mM imidazole (elution buffer). Eluted recombinant proteins were concentrated using an Amicon concentrator with 3,000-Da-cutoff membranes and further purified by loading them on a Superdex 75 gel filtration column (Pharmacia) equilibrated with 10 mM Tris (pH 8) and 20 mM NaCl. The purified protein fractions were analyzed on 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel.
The protein concentrations were determined by absorption at 280 nm, using extinction coefficients of 11,460, 13, (http://ca.expasy.org/tools/protparam.html) (13) . Overproduction and purification of TrxR were done as reported previously (1). Size exclusion chromatography. The purity levels and molecular weights of the recombinant proteins were determined by size exclusion chromatography. The chromatography experiments were performed with Superdex 75 FPLC columns from the Bio-Rad system, using 10 mM Tris, pH 8, and 100 mM NaCl as the running buffer. The void volume of the column was determined using Blue Dextran 200. The elution times of all the recombinant proteins were recorded, and the molecular weights were calculated by estimating the elution volumes of standards of known molecular weights.
Trx activity assay. The activity of thioredoxins was determined by reduction of DTNB [5,5Ј-dithiobis(2-nitrobenzoic acid)] and insulin. Insulin was used to determine the protein disulfide reductase activities of thioredoxins as described previously (18) . The DTNB assay was performed as described elsewhere (19) . Briefly, the reaction mixture contained 200 mM phosphate buffer, pH 7.0, 2 mM EDTA, 2 M bovine serum albumin, 1 mM DTNB, and 0.5 mM NADPH. The reaction mixture also contained 0.5 to 14 M each of TrxA Mtb , TrxB Mtb , TrxC Mtb , and TrxA Ec . The reaction was started by addition of 10 nM TrxR. The progress of the reactions was monitored at 412 nm against a blank control for 15 min at 25°C with a final volume of 100 l. The rate of DTNB reduction was calculated from the increase in absorbance at 412 nm by using a molar extinction coefficient of 27,000 M Ϫ1 cm Ϫ1 . Reduction of DTNB by 1 mol of reduced Trx yields 2 mol of TNB (1,3,5-trinitrobenzene) with a molar extinction coefficient of 13,600 M Ϫ1 cm Ϫ1 . RT-PCR. M. tuberculosis strain H37Rv was cultured in Middlebrook 7H9 supplemented with 0.5% glycerol, 0.05% Tween 80, and 1ϫ albumin dextrose catalase to mid-log phase. Fifty milliliters of mid-log-phase-grown bacterial cultures was harvested and washed once in phosphate-buffered saline. Bacterial cells were further resuspended in 50 ml of fresh Middlebrook 7H9 supplemented with albumin dextrose catalase and Tween 80 and were individually treated with H 2 O 2 , diamide, cumene hydroperoxide, nitroprusside, and tert-butylhydroperoxide, each at a final concentration of 2 mM, and cultures were incubated for 2 h at 37°C under aerobic conditions. Total RNA extraction from the treated culture of M. tuberculosis H37Rv was carried out by the Trizol method. For this, 50 ml (20) . Tryptophan residues are depicted in magenta, aspartic acid residues are depicted in red, and the disulfide between two cysteine residues is depicted in yellow. The amino acid variation in TrxA Mtb is marked with arrows. Table S1 in the supplemental material. In all instances, no amplification was observed for mRNA samples in the absence of RT treatment. Determination of equilibrium constant and redox potential with GSH. To determine the redox equilibrium constant between thioredoxins (TrxA Mtb , TrxB Mtb , TrxC Mtb , or TrxA Ec ) and GSH, 1.6 M of purified thioredoxins was incubated in a nitrogen-purged solution of 100 mM Na-phosphate buffer, pH 7, at 30°C for 12 h in the presence of 0.1 mM oxidized GSH (GSSG) and different concentrations (0 mM to 120 mM) of GSH. The change in fluorescence intensity caused by exciting the protein at 295 nm was recorded at 355 nm, where the difference in the fluorescence intensity between the oxidized and the reduced forms for a given thioredoxin was maximal. Equilibrium constant and redox measurements were done as described previously (29) . The equilibrium constants were determined by fitting the original fluorescence data according to the following equations:
where F m is the measured fluorescence intensity and F oxi and F red are the fluorescence intensities of the oxidized and reduced proteins, respectively. R is the fraction of reduced protein at equilibrium. A value of Ϫ240 mV was used for the standard redox potential (E o ) of GSH (34) to calculate the redox potentials of the thioredoxins by applying the equilibrium constant (K eq ) in equation 3.
Construction of M. tuberculosis trx ORFs under the expression control of the P BAD promoter. The ORFs carrying trxA Mtb , trxB Mtb , trxC Mtb , and trxA Ec were cloned under the expression control of the L-arabinose-inducible P BAD promoter in the plasmid pBAD33 (15) . In each construct, any given trx ORF was preceded by an optimally placed ribosome-binding site and bore at its 3Ј terminus a DNA sequence encoding hexahistidine. The resultant plasmids were designated pHYD3058 (trxA Mtb ), pHYD3059 (trxB Mtb ), pHYD3060 (trxC Mtb ), and pHYD3064 (trxA Ec ) and are listed in Table 1 .
Heterologous complementation studies with M. tuberculosis trx ORFs. A trxA grxA (encoding glutaredoxin 1) double mutant strain of E. coli GJ8025 was constructed via bacteriophage P1-mediated transduction and transformed with pBAD33 and its derivatives containing trx ORFs from M. tuberculosis and E. coli. Restoration of the cysteine prototrophy of the trxA grxA double mutant was assayed by examining the extent of growth conferred by a given trx ORF to strain GJ8025 in minimal medium containing 0.2% (wt/vol) glucose supplemented with leucine and isoleucine (each at 40 g/ml) in the presence of 0.2% arabinose. Leucine and isoleucine addition was necessitated by the presence of the (araleu)7697 deletion in strain GJ8025, which leads to an auxotrophy for leucine and isoleucine.
RESULTS
Thioredoxins from M. tuberculosis function as disulfide reductases. The ORFs encoding the three M. tuberculosis thioredoxins, namely, Rv1470 (trxA Mtb ), Rv1471 (trxB Mtb ), and Rv3914 (trxC Mtb ), were PCR amplified and cloned in suitable expression vectors, and the corresponding polypeptides were overproduced in BL21(DE3) cells. In size exclusion chromatography experiments performed in the absence of a reductant, TrxA Mtb , TrxB Mtb , and TrxC Mtb displayed protomer masses of 14,500 Da, 14,000 Da, and 17,800 Da, which are marginally higher than the predicted masses of 13,500 Da, 13,300 Da, and 12,500 Da, respectively. Some extent of anomalous migration on denaturing acrylamide gels, despite consideration of the contribution of the hexahistidine tag appended to the carboxy termini of the M. tuberculosis thioredoxins, was also apparent, especially for TrxC Mtb (data not shown). When a similar approach was used, E. coli TrxA (TrxA Ec ) was also overproduced and purified, and its protomer mass was estimated to be 12,000 Da (data not shown).
Sequence alignment was generated between all three M. tuberculosis thioredoxins and TrxA Ec , with special attention to the residues in the vicinity of the active Cys site, which are known to maintain appropriate pK a and redox values (29) . The sequence alignment so generated showed two major changes in the highly conserved region of TrxA Mtb near the redox-active site ( Fig. 1A and B) . The Trp32 and Asp27 residues in TrxA Ec (which are conserved in all other bacterial thioredoxins) as well as TrxB Mtb and TrxC Mtb are replaced with Leu (29th residue in TrxA Mtb ) and Tyr (24th residue in TrxA Mtb ), respectively. Moreover, TrxA Mtb also has an Asp residue on the C-terminal side of the resolving Cys residue, while TrxA Ec , TrxB Mtb , and TrxC Mtb have basic residues, either Arg or Lys. Thus, the sequence comparisons suggested that TrxA Mtb possesses unusual sequence features near its putative redox-active site (Fig. 1B) .
Members of the oxidoreductase family of proteins display the ability to reduce disulfide bonds in insulin, a model substrate, leading to precipitation of its ␤ chain (18) . The three M. tuberculosis thioredoxins were proficient to various degrees in reducing insulin in the presence of the nonphysiological reductant dithiothreitol (DTT). TrxA Mtb , TrxB Mtb , and TrxC Mtb displayed low, high, and moderate insulin ␤-chain precipitation abilities, respectively (Fig. 2) . TrxA Ec displayed an activity comparable to those of TrxB Mtb and TrxC Mtb . It is thus likely that the subtle changes observed in the sequence analysis might affect the active-site electrostatics and thereby the pK a values of the Cys residues, offering a possible explanation for the lower disulfide reductase activity of TrxA Mtb in the presence of DTT. Equilibrium constant with GSH and redox potential of M. tuberculosis thioredoxins. Thiol/disulfide catalysis mediated by thioredoxins is dependent upon the intrinsic redox potential and pK a values of the cysteines of the CXXC motif. Redox potential is known to be a determinant of the extent of function of Trx (4) . To address the functional properties of multiple thioredoxins from M. tuberculosis, redox potential was determined using GSH as the redox buffer. The redox equilibrium constants of TrxA Mtb , TrxB Mtb , TrxC Mtb , and TrxA Ec with GSH were measured according to the redox state-dependent fluorescence changes of proteins, with the assumption that an insignificant concentration of mixed disulfide between Trx and GSH is not a contributor to redox-dependent changes in intrinsic fluorescence (41) . The equilibrium measurements and deduced redox potentials of TrxA Mtb , TrxB Mtb , TrxC Mtb , and TrxA Ec are shown in Fig. 4 and Table 3 . The estimated redox potential of TrxA Ec (Ϫ280 mV) is close to the reported value of Ϫ278 Ϯ 3 mV (4), and thus, TrxB Mtb (Ϫ262 Ϯ 2 mV) and TrxC Mtb (Ϫ269 Ϯ 2 mV) show modest decreases in reducing ability in comparison to TrxA Ec . The redox potential of TrxA Mtb was estimated to be Ϫ248 Ϯ 3 mV.
M. tuberculosis trx gene expression under various growth conditions. We attempted to observe trxA Mtb mRNA in M. tuberculosis strain H37Rv under conditions of steady-state growth and in media containing a variety of agents that induce oxidative stress. Simultaneously, we also undertook studies to estimate the mRNA expression levels of other trx genes present in M. tuberculosis under these growth conditions to test for their expression. sigA, an essential housekeeping gene, was used as an internal control. The results shown in Fig. 5A indicate that mRNA expression for trxB Mtb and trxC Mtb is observed under all the employed conditions. However, no mRNA expression for trxA Mtb was detected under these conditions, suggesting that trxA Mtb expression may be cryptic. We excluded the possibility that the trxA Mtb primer pair could have been noncompetent for PCR by showing that an expected-size DNA fragment of trxA Mtb could be obtained when H37Rv genomic DNA was used as a template (Fig. 5B) .
M. tuberculosis thioredoxins can compensate for lack of TrxA in E. coli. Mutations in the genes involved in pathways of cytosolic protein reduction in E. coli, such as trxA, trxB, and grxA (encoding glutaredoxin 1), lead to specific phenotypes (3, 39) . For example, E. coli strains deficient for TrxA Ec and GrxA exhibit cysteine auxotrophy because an enzyme of the cysteine biosynthetic pathway PAPS (3Ј-phosphoadenosine-5Ј-phosphosulfate) reductase requires either TrxA Ec or GrxA for catalytic activity (35) . The abilities of M. tuberculosis thioredoxins to complement this defect of an E. coli trxA grxA double mutant were gauged. A suitable strain, GJ8025, was constructed and transformed with plasmids expressing from the P BAD promoter trx Mtb ORFs and trxA Ec . Expression of trxB Mtb and trxC Mtb , but not trxA Mtb , by supplementation of minimal medium with 0.2% L-arabinose allowed growth of strain GJ8025. GJ8025 derivatives bearing a vector and a plasmid expressing trxA Ec were rendered auxotrophic and prototrophic for cysteine, respectively. It may be noted that in a standard strain, like DH5␣, robust production of TrxA Mtb was detected in the presence of L-arabinose and that expression (even at basal levels) of trxA Ec was sufficient to promote fairly robust (4, 23). In the current experiments, the redox potential of TrxA was recorded at Ϫ280 mV, close to that reported by Å slund et al. (4) . growth of GJ8025 (Fig. 6A and B) . These studies show that M. tuberculosis-derived thioredoxins can functionally substitute for TrxA Ec in PAPS reduction.
DISCUSSION
A characteristic feature of the bacterial cytoplasm (and the cytoplasm from eukaryotes) is its reduced state. Member proteins of the thioredoxin family are involved in maintaining cysteine residues of cytoplasmic proteins in the reduced state and do so via a pair of conserved cysteine residues (20) . In this study, we have examined biochemical, physicochemical, and genetic features of three M. tuberculosis thioredoxins to show that they are active disulfide reductases. Of the three, TrxA Mtb exhibited a weak capacity, whereas TrxB Mtb and TrxC Mtb displayed high and intermediate capacities, respectively, to reduce the disulfides of insulin.
In TrxA Ec , mutation of Asp27, a conserved, buried, and charged residue located near the redox-active center, to Ala is known to impair disulfide reduction (11) . It is thought that Asp27 is critical for modulating the ionization of the active-site thiol group. Similarly, Trp32, preceding the CXXC motif, is also a conserved residue whose replacement by Ala in TrxA Ec renders TrxA Ec inefficient in disulfide reduction (24) . Variation of these critical residues in the analogous positions of TrxA Mtb may be contributing to the weak disulfide oxidoreductase activity of this thioredoxin ( Fig. 1 and 2) . Moreover, only TrxB Mtb and TrxC Mtb were found to be substrates of TrxR, suggesting that they may be the major cellular thioredoxins. The differences in activity between M. tuberculosis thioredoxins may be thus attributed to their intrinsic redox potentials (Fig.  4 and Table 3 ).
The observation that, of the three trx ORFs, expression of trxA Mtb was found to be cryptic, despite the variety of growth conditions tested, leads to a questioning of the existence of cellular TrxA Mtb activity. We are hesitant to bracket trxA Mtb as a pseudogene, however, because in the M. tuberculosis genome, trxA is present in an apparent operonic arrangement with trxB, located downstream, and the gene upstream of trxA, ctpD, codes for a probable cation transporter, the p-type ATPase. This gene arrangement is conserved in mycobacterial species like Mycobacterium ulcerans, M. bovis, and M. marinum, which bear multiple trx ORFs, thus leading to synteny for this region. However, the Mycobacterium leprae genome possesses only two trx genes, and the conserved ctpD gene is arranged downstream of one of the trx genes. The synteny in the gene cluster consisting of ctpD, trxA, and trxB is suggestive of a need for retention of trxA Mtb despite its apparent crypticity. It is possible that there may be other environmental conditions under which trxA Mtb is expressed. At the same time, the observation that trxB Mtb gene expression is observed under many different conditions can be explained by the presence of at least one promoter of the gene within the trxA Mtb gene (25) .
In these studies, we have employed the surrogate system of E. coli strains defective in components of cytoplasmic protein reduction to perform an in vivo test of Trx function, namely, that of PAPS reductase reduction (Fig. 6 ). The abilities of M. tuberculosis thioredoxins, namely, TrxB Mtb and TrxC Mtb , to functionally compensate for a deficiency of E. coli TrxA in this test were apparent, suggesting that these thioredoxins may perform analogous functions in vivo. In the in vivo test of Trx function, TrxA Mtb displayed a negligible propensity to compensate for lack of TrxA Ec . It is possible to rationalize this behavior of TrxA Mtb based on the premise that TrxA Mtb is defective in its own oxidation but proficient in its reduction. Thus, the inability of TrxA Mtb to donate electrons to PAPS reductase may account for its failure to complement the cysteine auxotrophy of a trxA Ec grxA Ec double mutant. This premise may also account for its weakened disulfide reductase activity and high redox potential, since formally the redox potential of a given thioredoxin can be influenced by rate constants governing its own reduction or oxidation (28) .
M. tuberculosis is known to be devoid of GSH, instead possessing a biosynthetic capacity for production of mycothiol, a small molecule thiol (12, 32) . Recent studies have shown that two genes involved in mycothiol biosynthesis, mshA and mshC, are essential in M. tuberculosis, whereas deletion of mshC in Mycobacterium smegmatis leads to sensitivity to hydrogen peroxide (33, 36) . It therefore appears that M. tuberculosis may rely more upon mycothiol as a protective measure against oxidative stress. Multiple thioredoxins are found in many organisms. For example, E. coli possesses two functional thioredoxins and three glutaredoxins. However, Arabidopsis thaliana possesses at least 35 Trx isoforms (9) . It appears that multiple thioredoxins may endow an organism with a backup measure for coping with redox stresses. As an alternative, some cellular process(es), such as reduction of ribonucleotide reductase, may have evolved to utilize one thioredoxin preferentially. For A. thaliana, there is evidence in vitro that some Trx isoforms exhibit substrate specificity (9) . Evidence for Trx substrate specificity has not been obtained, at least in the current studies, and the two M. tuberculosis thioredoxins TrxB Mtb and TrxC Mtb seem to function with near-equal potencies as generalized disulfide reductases. One feature of the biology of M. tuberculosis pathogenesis is its ability to survive intracellular redox stress. It appears that M. tuberculosis mutants missing any of the three trx ORFs are not significantly impaired for survival in vivo (37) . This observation, coupled with the finding, obtained in this study (Fig. 5) , that M. tuberculosis trx genes are fairly well expressed (transcribed) under a variety of oxidative stress conditions, suggests that, in M. tuberculosis, multiple thioredoxins may provide a cover for coping with metabolic demands and conditions of oxidative stress.
